ABSTRACT Cell shape changes during cytokinesis in eukaryotic cells have been attributed to contractile forces from the actomyosin ring and the actomyosin cortex. Here we propose an additional mechanism where active pumping of ions and water at the cell poles and the division furrow can also achieve the same type of shape change during cytokinesis without myosin contraction. We develop a general mathematical model to examine shape changes in a permeable object subject to boundary fluxes. We find that hydrodynamic flows in the cytoplasm and the relative drag between the cytoskeleton network phase and the water phase also play a role in determining the cell shape during cytokinesis. Forces from the actomyosin contractile ring and cortex do contribute to the cell shape, and can work together with water permeation to facilitate cytokinesis. To influence water flow, we osmotically shock the cell during cell division, and find that the cell can actively adapt to osmotic changes and complete division. Depolymerizing the actin cytoskeleton during cytokinesis also does not affect the contraction speed. We also explore the role of membrane ion channels and pumps in setting up the spatially varying water flux.
INTRODUCTION
Flow of water across the cell membrane, made possible by intrinsic permeability of the membrane and the presence of aquaporins, is vital in essential processes such as kidney water reabsorption (1), cell volume regulation (2) , cell cytoplasmic ionic balance (3) , and cell motility (4) . Water flow across the membrane is driven by both hydrostatic and osmotic pressure differences (5) . Fig. 1 a illustrates elements of water permeation driven by osmotic gradients. When the membrane is flexible and is not mechanically constrained, it is displaced by water and moves in the opposite direction of water flux. This membrane movement, which changes the overall cell shape, can occur locally or globally, depending on the spatial arrangement of osmotic gradients. Here we explore the role of water flux during cytokinesis, which is another essential cell process that requires a large cell shape change. Using modeling and supporting experiments, we show that in addition to cytoskeleton-based mechanisms, spatially controlled water flux generated by the cell can also achieve the same cell shape change during cytokinesis.
Many mechanical processes in cells have been attributed to actin and the microtubule cytoskeleton. For instance, cell movement on substrates requires actin cytoskeleton. However, there is now an increasing appreciation of the role of hydrodynamics in cell mechanics (6) (7) (8) (9) (10) (11) . It was found that some cells in 1D narrow channels can move in an actomyosin-independent manner (4, 12) . Similar actin-independent migration was observed in glioblastoma (13) . Water flux was found to increase cell speed in actin-dependent motility (14) . Water flux-associated cell and nuclear volume change are also connected with cell-matrix adhesion (15) . As the role of hydrodynamics in cell function becomes clearer, there is a need to understand how water flow and cytoskeletal network dynamics are coupled, and to develop a general modeling framework to treat such problems.
Experiments have shown that an actomyosin contractile ring has been identified as the force generator in eukaryotic cytokinesis (16, 17) . For example, inhibition of myosin II in HeLa cells and normal rat kidney epithelial cells arrests furrow ingression (18, 19) . However, there are exceptions. Dictyostelium discoideum, when anchored to the substrate, can form a division furrow while myosin II is abolished (20) . The ciliate Tetrahymena pyriformis is still able to form a division furrow when actin polymerization is inhibited (21) . These results suggest that cells potentially can employ multiple force-generating mechanisms available to ensure successful division. For example, exocytosis may participate in furrow ingression and contribute to the increased area of furrow membrane (22) . From our own experiments, a moderate depolymerization of the actin network does not affect the speed and cell shape during cytokinesis in HT1080 cells (see the Supporting Material). From modeling, we find that water flux can work together with the contractile ring to form the division furrow. This water-driven shape change is possible when water influx occurs at the two polar ends and efflux occurs at the cell midsection (see Fig. 1 b for an illustration). Such water flux distribution can be driven by a polarized distribution of intracellular ions ( Fig. 1 b) , which can arise from a spatial varying distribution of membrane ion channels and pumps. Experiments show that a type of chloride ion channel is enriched at the division furrow or at the cell poles, depending on the phase of cytokinesis. Blocking ion channels using drugs also can slow down or speed up cytokinesis, depending on the type of the targeted channels. These results suggest that cells potentially can employ multiple force-generating mechanisms available to ensure successful division.
To mathematically model water flux and actomyosindriven cytokinesis, we employ a level-set moving boundary algorithm (23, 24) . We start with a cell where DNA replication is complete (Fig. 1 c) and model the process of cell elongation (Fig. 1 d) and ingression ( Fig. 1 e) . Possible forces from the mitotic spindle, retraction fibers (25) (Fig. 1 d) , and the contractile ring (Fig. 1 e) are included in the model. We aim to understand, theoretically, how water permeation could facilitate cytokinesis with and without the contractile ring. We also experimentally manipulate water flux by exposing a dividing cell to hypotonic osmotic shock. We show that the observed kinematic changes can be explained by water flux alone, although in most cells both actomyosin contraction and water flow likely are coordinated together. This suggests that redundant mechanisms of cellular force generation increase robustness during essential cell shape changes.
MATERIALS AND METHODS
For simplicity, we consider a dividing cell in 2D as shown in Fig. 1 , f-g. The symbol U represents the cell domain and vU is its boundary. The cell boundary is traced by the zero level set f ¼ 0 and the intracellular space is given by f < 0 (23, 24) . The value n is the unit norm vector on the boundary pointing outwards. Pressure, velocity, and osmolyte concentration fields are solved for inside the cell, and the extracellular fields are assumed to be static and constant. A is the point on the boundary intersecting the y axis and B is the point on the boundary intersecting the x axis. Let r(t) ¼ jAOj and R(t) ¼ jBOj, with R(0) ¼ r(0) ¼ R 0 , where R 0 is the initial radius of the spherical cell at the beginning of cytokinesis. Fig. 1 f shows the initial state of the cell; Fig. 1 g shows the stage after ingression begins, but the septum between two daughter cells have not yet formed. Because we do not consider septum formation of the two daughter cells, in this work we only model the cell shape progression from Fig. 1 f to Fig. 1 g. We consider force balance at the cell surface as a combination of tension T in the lipid bilayer and an active contractile stress from the cortex beneath the bilayer (Fig. 1 c) . Because the lipid bilayer is a fluid and undergoes turnover from lipid-trafficking, we assume that T does not vary during cytokinesis. The actin cortex also undergoes fast turnover and exerts an active contractile stress s a tangential to the cell surface. This force balance problem at the cell surface for an active liquid cortex was considered in detail (26) . Here we assume a constant cell surface tension, t ¼ T À s a h, where h is the cortical thickness. This assumption excludes the case where spatially and temporally varying cortical tension may drive cytokinesis. Hence, this work focuses on water-flux-facilitated cytokinesis under uniform tension (see the Supporting Material for a discussion on the role of spatially varying tension on the cytosol flow field).
Within the model, we can also consider possible forces from the contractile ring and from the mitotic spindle or retraction fibers (Fig. 1, d and e). Let q s (x,t) be the outward force per unit area normal to the boundary of the cell from the spindle pushing or retraction fibers pulling. The value q s is only defined on G s and is 0 for regions outside of G s , where G s is the portion on the boundary where pushing force exists. The contractile ring force, q r (x,t), is defined in a similar way. Considering all the forces on the cell surface, the force balance condition in the normal direction is tðxÞkðxÞ ¼ DpðxÞ þ q s ðxÞ À q r ðxÞ;
where k is the cell surface curvature. The value Dp(x) ¼ p(x)j vUÀ Àp 0 is the hydrostatic pressure difference across the membrane, where p 0 is the constant extracellular hydrostatic pressure. The intracellular hydrostatic pressure comes from cytosol, the noncytoskeleton part of the cytoplasm. Hereafter we will use the term ''fluid'' to refer to the cytosol and use the term ''network'' to refer to the cytoskeleton network including actin, myosin, and microtubules. We model the intracellular fluid as a Stokes flow,
where m f is the dynamic viscosity of the intracellular fluid. The value f is the effective body force due to the frictional drag between various network structures and the intracellular fluid. Prior work has shown that the cell network is porous (10); therefore, as the fluid flows, there is a drag force between the network phase and the fluid phase. The value f is proportional to the fluid velocity but points to the opposite direction of the flow, i.e., f ¼ Àh c V f , where h c is the drag coefficient depending on the viscosity of the fluid and the density of the network. This viscous drag exerts an equal and opposite reaction force on the actin network phase, which also flows. Most of the actin flow occurs in the thin cell cortex during cytokinesis, and flows from the membrane toward the interior of the cell with mass turnover from actin polymerization and depolymerization. The net actin velocity along a typical stream line of the cytosol flow is approximately zero, and therefore should not influence the cytosol flow significantly. Moreover, during cell division when the cell is rounded up, the actin cytoskeleton is anchored to the substrate through adhesions and traction fibers. Therefore, any reaction force from the cytosol phase onto the network phase is ultimately transmitted to the substrate. We therefore do not consider the dynamics of the actin phase in this model (see the Supporting Material for a two-phase treatment). The Laplace operator term in Eq. 2 is on the order of 1/R 0 2 , where the radius of the cell is $10 mm. The value h c used here is $10 1 $ 10 3 pN,s/mm 4 , which gives realistic intracellular fluid velocities of <0.02 mm/s (see below). We thus have m f /R 0 2 << h c and Eq. 2 can be simplified as
Physically, this means that the fluid viscosity is negligible compared to the viscous drag between the fluid and the network. From Eq. 3 and the assumption that the drag coefficient h c is a constant in space, the incompressibility condition V , V f ¼ 0 is equivalent to V 2 p ¼ 0, which can be solved with the boundary condition in Eq. 1 (see the Supporting Material for more information). Once the pressure p is solved, V f is obtained from Eq. 3.
The velocity of the cell membrane at each point x˛vU can be decomposed into two components, one normal to the boundary and the other tangential to the boundary. The tangential component generates membrane flow within the lipid bilayer and does not contribute to the observed shape change. The normal component, on the other hand, advances the cell boundary during cytokinesis and is responsible for the cell shape change from Fig. 1 f to Fig. 1 g. Therefore, the normal velocity of the membrane, V m , is a combination of boundary flux and intracellular fluid flow at the boundary (27) , i.e.,
where V p is the velocity of water flux across the cell membrane. The value V p is negative for water influx and positive for water efflux. It is clear that the cell shape and forces needed to generate the observed cell shape depends on V p , which is often not discussed, or is assumed to be zero. Here we are interested in examining the effect of V p on cell shape and mechanics. V p is related to the local osmotic imbalance between inside and outside of the cell, and also any mechanical tension changes in the cell cortex:
where a m is the permeation coefficient of the cell membrane, and Dp is determined by Eq. 1. Dc ¼ c j vU À À c 0 , where c is the intracellular osmolyte concentration and c 0 is the extracellular concentration. To obtain shape changes, V p must be nonuniform, i.e., there are regions on the cell surface where the flux may be large or positive whereas at other places the flux may be small or negative. We see that spatial variation in V p can come about in multiple ways. From Eq. 1 the hydrostatic pressure difference can vary as a function of space. From variations in location of ion channels and pumps, Dc could also vary as a function of space. Finally, a m , which is proportional to aquaporin concentration at the cell surface, could also vary spatially. To avoid complexity associated with spatially varying generators of water flux, we will first prescribe V p as a function of space to illustrate how it can affect the cell shape. We then use an example to show how spatial variation of ion pumps can determine the water flux across the membrane. To do that, we need intracellular ionic dynamics for the model. Because we focus on the osmolarity of the cytoplasm, in the model the osmolytes are assumed to be electro-neutral.
The intracellular osmolyte concentration, c, is governed by the diffusion equation
where D is the diffusion constant. The boundary condition for Eq. 6 is the osmolyte flux, J c ¼ ÀDVc þ cV f , across the cell boundary. In general, this flux is the sum of passive and active fluxes, and we take the convention that it is positive inwards. The passive flux is proportional to the concentration difference across the membrane, i.e., J passive ¼ Àbðc j vU À À c 0 Þ, where b is a constant. The active osmolyte transport requires energy input, and can occur in either direction, depending on the type of the pump. In this model, we use J in active ðJ out active Þ to represent the effective in-flux (out-flux) of osmolytes by all possible pumps, which depends on the extracellular (intracellular) concentration and the spatial distribution of pumps. We let J in active ¼ g in ðxÞc 0 , where g in is a spatial varying coefficient representing the distribution of pumps that can transport osmolytes into the cell. Similarly, J out active ¼ g out ðxÞc j vU À . The values g in,out are nonuniformly distributed during cytokinesis. Energy consumption by the active pumps is implicitly contained in the g in,out . This spatial distribution could arise from spindlebased transport or direct positioning of membrane proteins by the contractile ring. The total flux can thus be expressed as
which is a boundary condition to Eq. 6. The initial intracellular ion concentration is constant in space and is determined by the pressure balance: if the initial hydrostatic pressure difference across the cell membrane is Dp 0 , i.e., pj t¼0 ¼ p 0 þ Dp 0 , then the initial intracellular ion concentration is cj t¼0 ¼ c 0 þ Dc 0 , where
The system of equations is solved using the level set-finite volume method. Details of the methods are given in the Supporting Material.
RESULTS

Shape of dividing cell
We first consider the situation in which the prescribed water flux is
where a c and b c are 2D scalars and v 0 ¼ a m Dp 0 is the velocity scale of the problem. Therefore, V p is a c v 0 at (0,5r) and Àb c v 0 at (5R,0). In general, we allow a c ¼ a c0 T a (t) and b c ¼ b c0 T b (t) to vary with time. When jV f , nj<<jV p j, the cell surface velocity is close to V p . Fig. 2 a shows V m derived solely from V p in Eq. 8. In this case, ÀV p closely approximates rates of change of the small and large radii, i.e., dr/ dt $ Àa c v 0 and dR/dt $ b c v 0 . We therefore use these two rate parameters to characterize the shape dynamics of the cell. Equation 8 gives the prototypical shape of a dividing cell as shown in Fig. 2 b. To preserve the overall cell volume, R vU V p ds ¼ 0 is required. Fig. 2 c shows the profile of V f at an early time given the water flux in Eq. 8. This V f pushes the center of the cell near the division plane outwards. When jV f , nj is comparable to jV p j, the cell boundary velocity is also affected by V f . In this case, dr/dt and dR/ dt are sums of V p and V f .
Experiments show that r and R during cytokinesis are approximately linear functions of time, suggesting that dr/ dt and dR/dt are approximately constants. Using parameters in Table S1 , which gives jV f , nj << jV p j, the cell shape change over time is given in Fig. 2 e and Fig. 2 f. This shows the achievement of the ideal shape-phenotype, in which the change in r(t) and R(t) from simulation matches experimental measurement (Fig. 2 d) .
Effects of the contractile force
However, when the drag between the network and the fluid, jV f j increases and becomes comparable with jV p j. In this case, the shape of the cell during division is more rounded at the center of the mother cell (Fig. 2 g ). This can be seen in Fig. 2 h where the V m becomes smooth at the middle of the cell due to the opposing contribution from V f . One possible solution is to adjust the profile of V p to compensate for the effect of V f . Alternatively, we find that forces from the contractile ring also influence the cell shape. Let G r be the region on the cell boundary where jxj < R 0 /10, modeling the location of the contractile ring. Within G r , we let q r be an increasing function of time, defined as q r ¼ Q r0 (t -T R ) H(t -T R ), where Q r0 is a constant and T R is the time after which the contractile ring begins to exert force. H(t) is a step function that is 1 for t > 0 and 0 otherwise. Fig. 2 i shows that the presence of the contractile force helps to develop the typical cell shape seen during cytokinesis because it increases the velocity of V m at the center of the cell (Fig. 2 j) . We also find that the contractile force should be regulated in time. The value q r (t) in Fig. 2 i (see also table of parameters in the Supporting Material) reaches a maximum contractile stress, 450 Pa, at t ¼ T 0 , corresponding to a force $10 nN based on the geometry of the cell. This force is on the same order as the contractile force estimated from modeling the contractile ring (28) . An earlier activation of the contractile force (smaller T R ) or a larger Q r0 does lead to a shorter r at t ¼ T 0 (see the Supporting Material). We can also incorporate forces from the spindle/retraction fibers, and spatially varying cell surface tension and aquaporins, but a global coordination of these forces is needed to generate the observed cell shape during cytokinesis.
Hypotonic shock during cytokinesis
Water flux across the cell membrane is influenced by the extracellular osmolarity. To further investigate the role of water flux during cytokinesis, we performed osmotic shock experiments on HT1080 cells. A hypotonic shock during cytokinesis immediately increases the water influx and thus the cell radii r(t) and R(t) (Fig. 3 a) . The increase of R was expected, but dR/dt increased as well after the shock (Fig. 3 b) . Moreover, the increase in r due to the osmotic shock was only temporal, followed by an increased jdR/dtj (Fig. 3 b) . The fast decrease of r after the shock ensured the completion of the cytokinesis within the same time frame as without osmotic shock (compare the dashed lines in Figs. 3 b and 2 d) , suggesting that there is a compensatory control mechanism that is robust to external perturbations.
The speedup of jdr/dtj may come from increases in the contractile force from the cytokinetic ring. Here we find that water flux can also generate a similar compensatory effect. To obtain a sudden increase of water influx upon the shock, T a and T b must be functions of time. For example, T a and T b can be adjusted as shown in Fig. 3 c. The jump implies that there needs to be a sudden water influx upon shock and its magnitude is related to the strength of the shock. different ion channels/pumps are operating at different regions, and the ion pump may redistribute in response to a shock. The sample profiles shown in Fig. 3 c suggest that pumps transporting ions outwards may soon accumulate at the middle of the cell upon shock to facilitate the completion of cytokinesis. A similar recovery of T a is also predicted by a model of cell volume regulation (29) . Before the shock, the ingression velocity induced by the water flux is the same as before (Fig. 3 d, t ¼ 180 s) ; immediately after the shock, this velocity points outwards everywhere (Fig. 3 d,  t ¼ 185 s) . The adjusted water flux with hypotonic shock captures the feature of the cell shape change (Fig. 3 b) . Alternatively, changes in water flux could also result from timedependent changes in the contractile force q r . It is known that the actomyosin ring has mechanosensitive properties (30) , and because q r directly influences hydrostatic pressure difference in Eq. 1, it would also alter V p .
Ion dynamics
We have shown that a cell with prescribed membrane water flux is able to generate the characteristic cell shape during cytokinesis. In our proposed mechanism, water flux and thus the ion distribution play a role in facilitating cytokinesis. Next, we will illustrate how ions can distribute to generate the type of water flux. One possibility is that during cytokinesis, there is more active ion efflux at the middle of the cell and more influx at the two polar ends. We find that if g in depends linearly on the cell curvature g in ¼ g Fig. 4 a; the reasonable match between the experiments and the simulation indicates that g in/out is a possible distribution of ion channels and pumps facilitating the shape change during cytokinesis. Fig. 4 b shows the spatial distributions of the intracellular hydrostatic pressure and osmotic pressure at t ¼ 150 s. Each has been subtracted by its corresponding extracellular pressure for clear visualization. Both pressures are high at the two polar ends and low in the middle of the dividing cell, and the maximum intracellular pressure difference is $200 Pa. This difference is in the same range of the rounding pressure in mitotic cells generated by actomyosin (31) . It suggests that ion dynamics and actomyosin contraction may work cooperatively during cell division. The spatial hydrostatic pressure variation generates an intracellular fluid velocity shown in Fig. 4 b; this velocity is high and points outwards at the middle of the cell (also see Fig. 2 c) . At t ¼ 275 s, the shape of the cell is different from that at t ¼ 150 s, but the spatial patterns of the hydrostatic and osmotic pressures are similar. With the given ion pump distribution, the two pressure patterns are maintained over time.
To examine spatial distribution of ion channels during cell division, we fixed and stained HT1080 cells for a chloride channel CLIC1 at early and late stages of cytokinesis (Fig. 4, d and e, upper panels; see the Supporting Material for more information). During the elongation phase of cytokinesis, CLIC1 was more concentrated at the division furrow (Fig. 4 d, lower panel) . At a late stage of cytokinesis, CLIC1 was no longer concentrated at the division furrow and moved to the middle of the two daughter cells (Fig. 4 e, lower panel) , suggesting that there are both temporal and spatial regulation of the CLIC1 channel during cytokinesis. To further examine the role of ion channels in cytokinesis, we blocked several types of channels using drugs (EIPA, DCPIB, and NPPB) and found that when multiple types of ion channels are blocked simultaneously, the total cytokinesis time was increased by 58% (Fig. 4 f) . The slowdown was more prominent during the elongation stage (p < 0.0001) and less significant during the contraction stage (p < 0.01; see the Supporting Material for more information). Interestingly, when these drugs were applied individually, cytokinesis was either not affected or even increased in speed (NPPB, for example). This suggests that cells may utilize different ion channels based on their availability. Blocking one type of ion channel may readjust the ion fluxes across the membrane and lead to a faster cytokinesis. But when multiple channels are blocked at the same time, the final effect is not simply a linear superposition from the blockage of each individual channel. There is a complex coordination mechanism that maintains robustness. Collectively, the above results suggest that there exists a coordinated and carefully regulated system involving both contraction and ion permeation during cytokinesis.
In reality, fluxes of Na þ , K þ , and Cl À , along with possible Ca 2þ and HCO 3À fluxes, all contribute to the final total flux. Na
þ exchanger is one of the most important ion pumps in regulating cell ionic content (32) , but cotransporters such as the NaKCl cotransporter are also involved (33) . The exact contributions of each type of ion, and the associated electric fields are complex (12) . In addition, the ion gradients will lead to small membrane voltage gradients during cytokinesis.
Impermeable cell
In the case when V p ¼ 0, we find that the cell cannot form the division furrow with contractile force q r and/or pushing force q s , when the membrane tension, t, is kept constant (see the Supporting Material for detailed information). This is because the hydrostatic pressure field formed from the contractile force is not compatible with the relationship between curvature and cell surface tension near the poles (Eq. 1). Therefore, to form the furrow when the cell is impermeable, the cell must actively readjust cortical tension t via a signaling mechanism. This type of cortical tension change and flow that drives cytokinesis has been proposed and discussed (20, 34, 35) . In the case where the membrane is permeable, t can remain constant while forming the division furrow, as has been demonstrated in this work.
Role of external fluid field
Here we discuss the effect of external fluid field on cytokinesis. In the model we have assumed that when the cell is in 2D culture, the external fluid pressure field is static and constant. The assumption holds when jV f , nj << jV p j because, in this case, V m ¼ ÀV p and the external fluid remains static with zero velocity. In the extreme case of jV f , nj >> jV p j, we estimate the external fluid pressure variation as follows. Let us consider the initial stage of cytokinesis when the cell is essentially spherical. The fluid flux is outward at the middle of the sphere and inward at the poles, which is equivalent to a boundary condition for the normal component of the external flow: V ext j vU þ,n ¼ Àv r cosð2qÞ, where q is the angle with respect to the x axis and v r is the maximum external fluid velocity on the cell boundary. The extracellular pressure distribution in this case is p j vU þ ¼ p 0 À 4mv r cosð2qÞ=R 0 , where p 0 is the far-field pressure and m is the dynamic viscosity of the external fluid. For R 0 ¼ 10 mm and velocity of the order 1 mm/min, the pressure variation is on the order of 10 À5 Pa around the cell, which is negligible when compared with the pressure difference across the cell membrane. The external fluid field can thus be safely neglected.
When the cell is not in 2D culture where there is infinite extracellular space, the external pressure field may vary around the cell boundary. In this case, we can rewrite Eq. 1 as The terms q r ðxÞ À q s ðxÞ þ p 0 ðxÞ j vU þ work together as additional forces on the cell boundary. The value p 0 may add or subtract from q s,r , depending on the distribution of p 0 j vU þ . We would thus expect a similar contribution from p 0 j vU þ on the force balance of the cell membrane as q s,r . Meanwhile, Eq. 5 should be rewritten as
Substituting Eq. 9 into Eq. 10 yields
which remains the same as we neglect the effect of spatially varying p 0 . Hence, nonuniform p 0 (x) affects the cell shape similar to q s,r , but does not alter the water flux through the cell membrane.
DISCUSSION
In this article, our modeling work suggests that water permeation, in principle, can contribute to cell shape changes and facilitate cytokinesis. Depending on the magnitude of the intracellular fluid flow, the cell shape change can occur with or without the contribution from the contractile ring. The intracellular fluid velocity comes from the intracellular hydrostatic pressure gradient. This gradient can be generated in several ways, and in this model, it is caused by nonuniform ion channel distribution and osmolyte fluxes from the cell boundary. We found that one can achieve the necessary cell shape changes if the ion flux depends on the cell boundary curvature. The steepness of the pressure gradient is also related to the cortical tension (Eq. 1), and a larger pressure gradient is needed to balance higher cortical tension. Intracellular hydrostatic pressure differences are typically present when the cytoplasm has complex structure so that the pressure cannot balance immediately. Cells with compartmentalized intracellular structure also have nonuniform hydrostatic pressure, the difference of which can be on the order of 1 kPa (36). In our model, in addition to the hydrostatic pressure gradient that varies in space and time, the magnitude of the intracellular velocity is also affected by the viscous drag between the fluid and the network. Here we treat the network as a poroelastic material (10) . When h c ¼ 25 pN , s/mm 4 , the maximum intracellular fluid velocity is $0.02 mm/s at the late stage of cytokinesis. For larger h c , jV f j is even smaller. The intracellular fluid velocity varies under different conditions and geometries. Previous measurements have shown that in a rapid moving cell in 2D, the average intracellular fluid velocity can be higher than what we have predicted in our model, $0.11 mm/s (9). For cells confined in 1D narrow channels, the fluid velocity may reach $0.2 mm/s (4). Therefore, the flow fields needed to generate the observed cell shape are small, and are consistent with known intracellular flow fields outside of the division context.
We find that spatially varying boundary water flux can arise from spatially varying distributions of ion channels and pumps. This type of membrane channel arrangement can arise from active transport of vesicles in the cytoplasm, or by direct recruitment by the contractile ring. Of course, the cytoskeleton itself has complex behavior. The main focus of this article is on the potential contribution of membrane water flux to cytokinesis. It is clear that the physical processes that lead to cytokinesis may be complex, and can involve the contractile ring, spatially varying cortical tension, and forces at the cell poles. The cell uses these multiple mechanisms to ensure robustness and timing of cell division. The global signaling mechanisms that control these mechanical elements require more careful examination. More generally, water flux and hydrodynamics are likely to play important roles in many aspects of cell shape and cell movement, both in single cells as well as tissue and organs. Beyond biological systems, directed water flow can be used as a means of mechanical actuation and, to our knowledge, novel method of force generation. 
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